Evidence for strong hd electron correlations and electron-magnon coupling in a 

pyrochlore, Y 2 Ir 2 07 



o 
o 

(N 



h 



I 

c 

o 
o 



> 

On 



O 

o 



X 



R.S. Singh, V.R.R. Medicherla, Kalobaran MaitiQ and E.V. Sampathkumaran 
Department of Condensed Matter Physics and Materials Science, 
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai -400 005, INDIA 

(Dated: February 1, 2008) 

We report the observation of an unusual behavior of highly extended 5d electrons in Y2lr2C>7 
belonging to pyrochlore family of great current interest using high resolution photoemission spec- 
troscopy. The experimental bulk spectra reveal an intense lower Hubbard band in addition to weak 
intensities in the vicinity of the Fermi level, €f- This provides a direct evidence for strong electron 
correlation among the 5d electrons, despite their highly extended nature. The high resolution spec- 
trum at room temperature exhibits a pseudogap at cf and [e — cf\ 2 dependence demonstrating the 
importance of electron correlation in this system. Remarkably, in the magnetically ordered phase 
(T < 150 K), the spectral lineshape evolves to a |e — £f| 1,5 dependence emphasizing the dominant 
role of electron-magnon coupling. 

PACS numbers: 71.27. +a, 72.10.Di, 71.20.-b,79.60.Bm 



It is generally believed that electron-electron Coulomb 
repulsion strength, U, among the d electrons decreases as 
one traverses from 3d to 5c? ions, due to the increase in 
radial extension of the these orbitals. For example, while 
the effective electron correlation strength, U/W (W — 
bandwidth) in 3d transition metal oxides (TMOs) is sig- 
nificantly strong [lj, U/W in Ad TMOs is weak enabling 
first principle approaches to capture the experimentally 
determined electronic structure [2, 3] . Signature of elec- 
tron correlation in 5d transition metal compounds has 
not been observed In this letter, we offer a clear 

evidence for strong correlation among bd electrons in a 
compound, Y 2 Ir 2 07, which has not been paid enough 
attention in the literature. 

This compound belongs to pyrochlore structure, which 
have drawn significant attention in recent times due to 
the possibility of geometrical frustration leading to a va- 
rieties of novel phenomena e.g., spin ice behavior [7j, su- 
perconductivity [8(, correlation induced metal insulator 
transitions Q etc. In particular, a Ir based pyrochlore, 
Pr2lr207 has been recently identified to show spin-liquid 
behavior [h| , anomalous Hall effect [ll[ etc. It is believed 
that the interaction between the Pr 4/ moments medi- 
ated by Ir bd conduction electrons plays a key role here. 
While Pr2iX207 is a metal, the Y-analogue, Y2IX2O7 is an 
insulator. Y2R2O7 is described to be a Mott insulator, 
where large U/W leads to insulating phase in a metal 

12l 13 , 1J]. In addition, Y2R2O7 has been proposed to 
exhibit a weak ferromagnetic transition at around 150 K 

13l 14 1 . Therefore, this system appears to be an ideal 
system to probe 5d electron correlation. 

In this letter, we report the results of our investiga- 
tion on the origin of unusual properties in Y 2 Ir 2 07 us- 
ing state-of-the-art high resolution photoemission spec- 
troscopy. We find that the bulk Ir 5d band exhibits a 
signature of intense lower Hubbard band as observed in 
strongly correlated 3d TMOs [l|,[l5j]. It is remarkable that 



no hard gap is observed in the bulk spectra although it 
is an insulator. The spectral lineshape in the vicinity of 
the Fermi level, cf changes from |e — £f| 2 behavior at 300 
K corresponding to a correlated Fermi liquid system to 
|e— efI 1 ' 5 behavior in the ferromagnetic phase suggesting 
importance of electron-magnon coupling. 

High quality Y2R2O7 was prepared by solid state reac- 
tion route using high-purity (> 99.9%) ingredients (Y2O3 
and Ir02 powders). To achieve large grain size and good 
intergrain binding, the sample was sintered in pellet form 
at 900 °C for a day and subsequently, at 1000 °C for 
more than two days with an intermittent grinding. The 
sample quality was characterized by x-ray diffraction and 
scanning electron microscopy. There was no evidence for 
any impurity feature. Rietveld refinement reveals a sin- 
gle cubic phase (a = 10.20 A; spa ce g roup Fd3m). The 
sample was further characterized [lq ] by magnetization 
measurements and found to show a magnetic transition 
at about 150 K in agreement with the literature 13|, 14 1. 
Photoemission measurements in the temperature range 
10 K - 300 K were performed using monochromatic pho- 
ton sources and SES2002 Gammadata Scienta analyzer. 
The energy resolutions were set to 300 meV, 4 meV and 
1.4 meV for the measurements with Al Ka (1486.6 eV), 
He 11 (40.8 eV) and He 1 (21.2 eV) photons, respectively. 
The sample surface was cleaned by in situ scraping (base 
pressure = 3xl0~ n torr) and cleanliness of the sample 
surface was ensured by negligible (< 2%) impurity con- 
tributions in the O Is spectral region and the absence 
of C Is peak. The electronic band structure calculations 
were carried out using full potential linearized augmented 
plane wave method (WIEN2k software) [l?) within the lo- 
cal density approximations, LDA. The convergence was 
achieved considering 512 k points within the first Bril- 
louin zone and the error bar for the energy convergence 
was set to ~ 0.25 meV. 

In Fig. 1, we show the density of states (DOS) cal- 
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FIG. 1: Calculated (a) Total density of states (TDOS), (b) 
Ir 5d partial density of states (PDOS), (c) Ol 2p PDOS and 
(d) 02 2p PDOS. Zero in the energy axis represents e_p. 
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FIG. 2: (color online) (a) Valence band spectra collected using 
photon energies 21.2 eV, 40.8 eV and 1486.6 eV. (b) Calcu- 
lated TDOS shown in Fig. 1. The O 2p part is shifted to 
match the experimental spectra. 



culated for the nonmagnetic ground state representing 
the electronic structure at room temperature. The total 
density of states (TDOS), Ir 5d partial density of states 
(PDOS), 01 2p PDOS and 02 2p PDOS are plotted in 
different panels of the figure. Here, 01 and 02 represent 
the oxygens forming IrOlg octahedra and the oxygens 
bonded to Y forming O2Y4 tetrahedra, respectively. Y 
Ad PDOS appear primarily beyond 4.7 eV above cf with 
negligible contribution in the occupied part and hence 
not shown here. There are two groups of features in 
the TDOS in the occupied part. The energy range, -7.5 
to -1.5 eV is primarily dominated by 01 2p and 02 2p 
PDOS with a small contribution from Ir 5d PDOS. 02 
2p PDOS appears between -5.0 to -1.5 eV, which is not 
bonded to Ir 5ri states. 01 2p - Ir 5d bonding states 
with dominant 01 2p character contribute to the energy 
range below -5 eV. In the energy range -1.2 eV to 0.3 eV, 
the antibonding bands having primarily Ir 5d character 
with t2 g symmetry appear. It is to be noted that there 
is a large TDOS at ep, suggesting a metallic phase in 
contrast to the insulating behavior observed in transport 



data [lj,ll3|. 



The experimental valence band photoemission spectra 
at room temperature are shown in Fig. 2(a). The spec- 
tra corresponding to ultraviolet (UV) photons (21.2 eV 
and 40.8 eV) exhibit two distinctly separated features. 
A dominant intensity appears between 3-9 eV binding 
energies (= tp - E, E = energy) and a weak feature, 
A, near tp. The intensity pattern becomes drastically 
opposite in the 1486.6 eV spectrum; the feature A be- 
comes the most intense one compared to the intensity of 
the other feature. The ratio of the photoemission cross 
section of Ir 5<i states to the O 2p states increases signif- 



icantly for 1486.6 eV incident photon energy compared 
to UV energies; the feature A in the figure can there- 
fore be attributed to the photoemission signal from the 
bands having essentially Ir 5ri character. The O 2p fea- 
tures appear above 3 eV binding energy. A rigid shift of 
the calculated O 2p band by about 1.5 eV towards higher 
binding energies provides a remarkable representation of 
the experimental spectra as shown in Fig. 2(b). Such a 
rigid shift of the completely filled O 2p bands is often 
observed due to the underestimation of the correlation 
effects in the band structure calculations [l8j |. 

It is clear from Figs. 1 and 2 that O 2p and Ir 5d related 
features are distinctly separated. Thus, Ir 5ri contribu- 
tions appearing near tp can be delineated by subtracting 
the tail of the O 2p band. We have simulated the O 2p 
contributions using a combination of Lorentzians convo- 
luted by a Gaussian representing resolution broadening 
as shown by solid line in the case of 1486.6 eV spec- 
trum in Fig. 2(a). The extracted Ir 5ri bands are shown 
in Fig. 3(a) after normalizing to the integrated intensity. 
The 1486.6 eV spectrum clearly shows different lineshape 
and energy position compared to the UV spectra. This 
is demonstrated by overlapping the resolution broadened 
21.2 eV spectrum (dashed line) over the 1486.6 eV spec- 
trum. The x-ray photoelectrons have larger escape depth 
than the ultraviolet photoelectrons. Thus, the difference 
in the 1486.6 eV and UV spectra is attributed to the 
different bulk and surface electronic structures. 

The intensity in the photoemission spectra can be ex- 
pressed as /(e) = (1 - e- d / x ).I s {e) + e- d / x .I b (e), where 
I s (e) and I b (e) are the surface and bulk spectra, respec- 
tively, d is the effective surface layer depth and A is 
escape depth of the photoelectrons. To calculate I s (e) 
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FIG. 3: (color online) (a) Ir 5d band at different photon ener- 
gies. Dashed line represents the resolution broadened 21.2 eV 
spectrum (solid line), (b) Extracted surface and bulk spectra 
at 300 K (symbols) and 20 K (solid line). Dashed line is the 
calculated spectral function from band structure results. 

and I h (e), we use d/X = 1.8 and 0.5 for UV and x-ray 
photoemission spectra, respectively as used for several 
other systems 0, [iij . The extracted surface and bulk 
spectral functions are plotted in Fig. 3(b). The surface 
spectrum exhibits a peak around 1.8 eV with no intensity 
at ep suggesting insulating character of the surface elec- 
tronic structure. The bulk spectrum, on the other hand, 
exhibits a substantial intensity at ep suggesting metallic 
phase in addition to an intense peak at around 1 eV. 

In order to address the issue of electron correlation 
among 5d electrons, we compare the surface and bulk 
spectra with the ab initio results. The dashed line in 
Fig. 3(b) represents the Gaussian-convoluted (full width 
at half maximum = 0.3 eV) occupied TDOS at 300 K. 
The calculated spectrum exhibits a peak at around 0.5 
eV, spreading down to about 1 eV binding energy, and 
it is significantly narrower than the width of the bulk 
spectra. Since, the electron correlation is significantly 
underestimated in the band structure calculations within 
LDA, the difference between the calculated spectrum and 
the experimental one is often attributed to the electron 
correlation effects [l[. Thus, the intensities appearing 
at higher binding energies in the bulk spectrum repre- 
sent photoemission signal from the correlation induced 
localized electronic states (lower Hubbard band), and is 
termed as 'incoherent feature'. The intensities in the 
vicinity of ep represent the signature of delocalized elec- 
tronic states and is termed as 'coherent feature'. The 
large intensity of the incoherent feature compared to the 
coherent feature intensity indicates strong electron cor- 
relation effects, in sharp contrast to the observations in 
other Ir compounds [g|. Such a strong correlation in 
the highly extended 5d bands is unusual. The deviation 
from LDA results is most evident in the surface spec- 



trum. Only the incoherent feature is observed along with 
a large gap at suggesting a Mott insulating phase cor- 
responding to the two dimensional electronic structure at 
the surface. 

We now focus on the influence of the magnetic phase 
transition on the electronic structure. 

For this purpose, we first discuss the surface and bulk 
spectra at 20 K shown by solid lines in Fig. 3(b). The sur- 
face spectra remain unaffected with the change in tem- 
perature. No hard gap is observed in the bulk spectra 
down to the lowest temperature studied, which evidently 
rules out the possibility of Mott insulating phase in the 
bulk even at low temperatures. The lincshape of the 20 K 
bulk spectrum is very similar to that at 300 K indicating 
that the magnetic phase transition has insignificant influ- 
ence if viewed in the energy scale of the figure. However, 
a closer look near ep region reveals subtle changes with 
temperature as described below. 

Although the electron correlation effects are mani- 
fested in the large energy scale as described above, vari- 
ous thermodynamic properties are essentially determined 
by the electronic states near ep (|e — ep\ k ksT). High 
energy resolution employed in the present investigation 
enables to address this issue. We investigate the evolu- 
tion of the He i spectra near ep as a function of tempera- 
ture in Fig. 4(a), which represent the bulk features as the 
surface spectra exhibit a large gap (see Fig. 3(b)). Nor- 
malization of all the spectra at around 200 meV binding 
energy shows similar line shape down to about 50 meV 
binding energy at all the temperatures. The spectra in 
the energy range closer to e^ reveal interesting evolution 
along with the appearance of a sharp Fermi cut off at low 
temperatures. 

Since the energy resolution is very high and various 
lifetime broadenings are insignificant in the vicinity of 
ep, one can extract the spectral density of states (SDOS) 
directly from the raw data by symmetrizing the spectra; 
SDOS = /(e) + I{-e). Thus obtained SDOS shown in 
Fig. 4(b), provide a good representation of the density 
of states in this small energy window. There is a dip 
in SDOS at ep, which gradually increases with the de- 
crease in temperature down to 100 K. Further reduction 
in temperature does not show any significant change in 
the intensity at ep. It is often observed that the intensity 
at ep decreases with the decrease in temperature due to 
the disorder induced localization of the electronic states 
at [2^, Hl[. In such a case, the DOS at follows 
(a + bVT; T is temperature) behavior 21 , 22j , which is 
qualitatively different from the behavior in the present 
case. 

In order to investigate the energy dependence of the 
spectral lineshape, we analyzed SDOS as a function of 
|e — e_F| Q for different values of a. All the spectra could 
not be simulated for one value of a. We show the two 
extreme cases in Fig. 4(c) and 4(d). The SDOS at 300 K 
is better represented by a = 2 indicating strong influence 
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FIG. 4: (color online) (a) High resolution spectra near tF as a 
function of temperature, (b) SDOS obtained by symmetrizing 
the spectra in (a). SDOS is plotted as a function of (c) |e — 
£f| 1,5 and (d) |e — £f\ 2 . Zero in the energy axis denotes €f- 



of electron correlation effect in the electronic structure. 
This finding may serve as an experimental demonstration 
of the theoretical prediction of correlation induced effects 
in a Fermi liquid Clearly, disorder does not play a 
major role as corresponding behavior of a = 0.5 is not 
observed [13, HD, [22| . The spectra in the magnetically or- 
dered phase (T < 150 K) exhibit a deviation from a = 2 
behavior and are better represented by a = 1.5. High 
resolution spectra of another 5d compound, BalrOs, ex- 
hibiting ferromagnetic ground state below 183 K is also 
characterized by a — 1.5 1241 . Thus, it is clear that 
electron-magnon coupling [25| plays a significant role to 
determine the magnetically ordered states in these highly 
extended 5c? systems. 

In summary, we have addressed the issue of electron 
correlation within 5d band by choosing Y2IX2O7, a com- 
pound belonging to a family of great current interest. A 
comparison of the electronic structure calculations and 
the high-resolution photoemission data offers distinct ev- 
idence for strong Coulomb correlation among Ir 5d elec- 
trons. No hard gap is observed in the bulk spectra down 
to the lowest temperature studied. The surface spectra 
exhibit an insulating phase at all the temperatures pre- 
sumably due to the enhancement of U/W at the surface 
compared to bulk. Analysis of the spectral lineshape in 
the vicinity of ep as a function of temperature emphasizes 
the need to consider electron-magnon coupling in addi- 
tion to electron correlation while trying to understand 
the solid state behavior of the 5d electrons. 

We thank K.K. Iyer for his valuable help in preparation 
and characterization of the sample. 
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